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Intra-helical hydrogen bondingTranslocation of negatively charged ions across cell membranes by ion pumps raises the question as to how
protein interactions control the location and dynamics of the ion. Here we address this question by performing
extensive molecular dynamics simulations of wild type and mutant halorhodopsin, a seven-helical transmem-
brane protein that translocates chloride ions upon light absorption. We ﬁnd that inter-helical hydrogen bonds
mediated by a key arginine group largely govern the dynamics of the protein and water groups coordinating
the chloride ion.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Ion pumps aremembrane proteins that translocate ions against their
electrochemical gradient. The mechanism by which the protein and
water dynamics couple to ﬂuctuations in the location of the ions inside
the pump is an open question. Here we address this question by using
as a model system halorhodopsin (HR), a light-driven pump that
translocates chloride ions from the extracellular to the cytoplasmic
side of the plasma membrane in archaea [1]. Ion translocation by
halorhodopsins is essential for maintaining the membrane bioenerget-
ics in archaea [2], and is now being exploited to help control the trans-
membrane potential of neurons in optogenetics applications [3]. To
understand how the protein controlsmovement of the ion,we dissected
the coupling between the dynamics of a chloride ion bound to the pro-
tein and protein hydrogen bonding.
Knowledge on chloride ion translocation by HR comes largely from
studies on the Natronomonas pharaonis halorhodopsin (pHR) or
Halobacterium salinarium halorhodopsin (sHR). In both halorhodopsins,
absorption of light by the covalently bound retinal chromophore triggers
a reaction cycle during which the protein passes through a sequence of
intermediate states, HR→ K→ L1→ L2→ N→ O→ HR′ [4], of which
the last two steps are associated with, respectively, the release and up-
take of a chloride ion [5,6].dar).Crystal structures suggest that in the pHR resting state there is a
chloride ion tightly bound inside the protein, where it interacts with
the retinal Schiff base, R123, T126, S130 and D252 (site-1 in Fig. 1E). A
second chloride ion is located on the cytoplasmic side of the pump,
where it is coordinated by side chains of two different protomerswithin
the trimer (site-2 in Fig. 1C). Diffraction data collected after a post-
crystallization treatment, in which pHR crystals were soaked in a sodi-
um bromide solution, suggest the existence of a third binding site,
site-3, at the extracellular side between loops BC and FG [7]. A hydro-
phobic segment between helices B and C (Fig. 1E) is thought to help
prevent a rapid chloride exchange between site-1 and the extracellular
side [8].
The structural features of pHR summarized above are very similar to
those observed for sHR [9]. Understanding sHR is somewhat complicat-
ed by the observation that it shows light–dark adaptation, a process
which leads to the protein existing as a mixture of both all-trans and
13-cis, 15-syn retinal isomeric states [10]. Since pHR does not undergo
dark adaptation [11], it is a more convenient model system to study
ion translocation, and hence we used pHR in our work. In what follows,
all amino acid residue numbers refer to the pHR sequence and protein
structure, unless otherwise speciﬁed.
The movement of the chloride ion across the pump is thought to
occur in four discrete steps. In the all-trans resting state HR and the
ﬁrst two 13-cis states, K and L1, the chloride ion appears to remain
largely in the same location as in the starting HR state [12–14]. Never-
theless, perturbed interactions of the Schiff base and R123may weaken
Table 1
Summary of experimental observations from site-directed mutagenesis of Natromonas
pharaonis halorhodopsin.
Mutant Location Observations Ref.
H100A BC loop Low conducting rates and decreased chloride binding. [49]
E234D FG loop Changes in FTIR bands upon formation of L2. [50]
R123K
R123Q
R123H
Helix C R123H and R123Q abolish ion conduction;
R123K decreases the binding afﬁnity
relative to the wild type.
[18]
S130A
S130T
S130C
Helix C The dissociation constants increase from
5 mM in the wild type to 89, 153 and
159 mM for mutants S130A, S130T and
S130C, respectively.
[51]
T126V Helix C Slower rise of the N intermediate state
than in the wild type.
[15]
All amino acid residues from Table 1 are depicted in Fig. 1E.
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placement from site-1 to the cytoplasmic side of the retinal in the L2 in-
termediate state [15]. On the cytoplasmic side, the chloride ion binds to
K215 and T218 on helix F [15]. Structural information about the N and O
intermediates is scarce, and different HR variants may have different ki-
netics of these states; for example, the O state is undetectable in sHR
[10], whereas an O-like crystal structure could be obtained for pHR [7].
Release of the chloride ion to the cytoplasm involves outward motion of
helix F, as observed during translocation of azide anions [16]. Opening
of the cytoplasmic channel allows water molecules to hydrate the chlo-
ride ion, replacing chloride–protein interactions with chloride–water in-
teractions. Movement of helix F back to its original location occurs
during the decay of O into HR′; a chloride ion is loaded at site-1, and
the translocation cycle can restart [15].
The highly conserved helix-C amino acid residue R123 is essential
for the translocation of ions across HR [17]. In the HR resting state
R123 hydrogen bonds to groups on helices A and G (Fig. 1E). The impor-
tance of R123 for HR function is highlighted by its conservation in all
microbial-type rhodopsins [17], and by site-directedmutagenesis experi-
ments indicating that the R123Q and R123Hmutations abolish ion trans-
location [18]. The observation that even the conservativemutation R123K
increases signiﬁcantly the dissociation constant [18] suggests that not
only the positive charge, but also the hydrogen bonding pattern is impor-
tant for controlling the location of the chloride ion. To understand how
R123 helps control chloride binding and translocation by halorhodopsins,
we performed extensive all-atom molecular dynamics simulations on
wild-type and three R123 mutants of pHR. We ﬁnd that R123 provides
an attractive electric potential at site-1 for binding anions and mediates
a dynamical interhelical hydrogen-bonded network that couples protein
conformational dynamics to the dynamics of the chloride ion in site-1.2. Methods
2.1. Protein structure
For the starting protein coordinates we used the crystal structure of
wild-type HR (Fig. 1A) from Natronomonas pharaonis (PDB:3A7K [8]).
The crystal structure includes coordinates for the protein trimer, the
covalently-attached retinal chromophore, three carotenoid lipid mole-
cules (bacterioruberin), 144watermolecules, two chloride ions per pro-
tein monomer, and lipid fragments in the intra-trimer space, which
were modeled as palmitoyl-oleoyl-phosphatidylcholine (POPC) mole-
cules. The protein trimer was oriented with its principal axes along
the coordinate axes, and then embedded in a hydrated lipid membrane
consisting of 515 POPC lipids and 32,700 water molecules. Sodium ions
were added for charge neutrality. The simulation system consisted of
approximately 180,000 atoms. The R123A, R123L, and R123K mutants
were modeled using PSFGEN and CHARMM softwares [19,20].2.2. Potential energy function
The CHARMM22 and CHARMM36 force ﬁelds [21,22] were used for
protein and lipids, respectively, and the TIP3P model was used for the
water molecules [23]. Polyene chains (retinal and bacterioruberin)
were modeled using a parameter set optimized for retinal in the gas
phase [24] together with the partial charges calculated by Nina et al.
[25].
2.3. Molecular dynamics simulations
The molecular dynamics simulations were performed using the fol-
lowing protocol. First, the simulation system was geometry optimized
by performing 10,000 steps of conjugate-gradient energyminimization.
During the geometry optimization we ﬁxed the chloride ions, the
protein and the bacterioruberin heavy atoms, as well as lipid and
water molecules resolved in the crystal structure. The equilibration
was performed by gradual releasing of harmonic positional constraints,
starting with a force constant of 25 kcal/mol · Å, which was reduced to
15, 10, 5, 2, and 1 kcal/mol · Å in a series of MD simulations, each of
which was carried out for 200 ps. The simulation was subsequently
continued without any restraints for 100 ns at a constant pressure of
1 bar and a constant temperature of 310 K in the NPT ensemble. The
MD simulations were run with the NAMD 2.8 software package [26]. A
reversible multiple time step algorithm [27] was used to integrate the
equations of motion with time steps of 1 fs for bonded forces, 2 fs for
short-range, non-bonded forces, and 4 fs for long-range electrostatic
forces. The smooth particle mesh Ewald (PME) method [28,29] was
used to calculate electrostatic interactions. The short-range interactions
were cut off at 12 Å. All bond lengths involving hydrogen atoms were
held ﬁxed using the SHAKE [30] and SETTLE [31] algorithms. A Langevin
dynamics schemewas used for thermostatting. Nosé–Hoover–Langevin
pistons were used for pressure control [32,33]. Molecular graphics and
simulation analyses were generated with the VMD 1.8.7 software pack-
age [34]. Sequence alignments were generated by using Modeller
version 9.11 [35,36], and reading the amino acid sequence directly
from the PDB ﬁles. All amino acid numbering used here corresponds
to the pHR sequence.
2.4. Computation of the isopotential surfaces
To illustrate the electrostatic potential experienced by the chloride
ion at site-1, we used the protocol below to calculate the electrostatic
potential by considering the site-1 chloride ion as a ghost particle —
that is, for each monomer, we calculated isosurfaces for the electric
potential in the interhelical region by considering only the protein
atoms and water molecules within 20 Å of the chloride ion, under the
assumption that the contribution from the lipids is similar in each sys-
tem and, hence, can be ignored because we are primarily interested in
differences between the wild-type and mutant proteins.
To compute the electrostatic potentialmapswe used the PMEvolume
map plugin of the VMD package [34]. This involved solving the Poisson
equation for a discretized charge density in a 192 × 192 × 120 mesh, at
0.2 Å resolution, based on coordinate sets taken each 100 ps from the
last 10 ns of each simulation [37]. To visualize the electrostatic potential
maps, and ease the comparison between different simulations, we super-
posed onto themap the coordinates of the protein and site-1 ion from the
starting coordinate snapshot.
3. Results
3.1. Wild type halorhodopsin in a hydrated lipid bilayer
We ﬁnd that simulations of the pHR trimer embedded in the lipid
bilayer at room temperature preserve well the overall structure of the
protein. The backbone root-mean-squared deviations (RMSD) relative
Fig. 1. The Natronomonas pharaonis halorhodopsin (pRH) trimer in a hydrated lipid membrane patch. (A) Monomers A, B, and C depicted as cartoons are colored blue, mauve, and pink,
respectively. Chloride ions are shown as green spheres, lipid oxygen atoms are in red, nitrogen in blue, andphosphate atoms are in orange. Lipid tails are depicted as gray bonds. The retinal
molecules and K256 sidechains are shown as bonds with the carbon atoms in cyan. Hydrogen atoms are not shown. (B) Thickness of the lipid bilayer close to the protein and at remote
distances. The thickness of the lipid bilayer is estimated from the number density of the lipid phosphorous atoms, computed for lipidswithin 15Å of the protein, and for lipids further away
from the protein. Each number density is normalized to the number of lipids in the corresponding region. (C) View from the cytoplasmic side of the simulation box. Bacterioruberin is
shown as black van der Waals spheres, chloride ions are in green at site-1 and site-2, and retinal with K256 are depicted as yellow van der Waals spheres. Lipid molecules are depicted
as van der Waals spheres with carbon atoms in cyan, oxygen — red, nitrogen — blue, and phosphorous atoms in orange. Speciﬁc sidechains are depicted using the same color code.
(D) Root-mean-squared deviation (RMSD, in Å) of the backbone heavy atoms in the simulation of wild-type halorhodopsin, calculated relative to the starting crystal structure.
(E) Close-up view of site-1 in the crystal structure [8] illustrating hydrogen bonding of R123.
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of less than 2 Å (Fig. 1D). To compare the protein conformation in thethree monomers A, B and C we computed positional RMSD matrices
from the trajectory of wild-type halorhodopsin (and mutants; Fig. S1);
Fig. 2. Dynamics of the chloride ion and water molecules in the interhelical region.
(A) Isodensity distributions for the chloride ion and the internal water molecules colored,
respectively, as green and red surfaces. Surfaces correspond to the average number densi-
ty over the last 20 ns. Water and Cl− isodensity values were set to 1 and 0.1 molecules/Å3
or ions/Å3, respectively. The grid resolution was set at 0.2 Å and the molecule/ion distribu-
tion in the gridpointswasweighted by the atomicmass. (B) Internalwatermolecules in the
crystal structure of halorhodopsin [8]. (C) Number of water molecules in the interhelical
region, along the bilayer normal, for the last 20 ns of the trajectory.
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were within 2.5 Å.
To evaluate any long distance correlations between protein groups
we calculated the covariance matrix for the Cα atoms of each monomer
by collecting frames every 100 ps along the second half of the simulation
trajectories (Fig. S2). In all simulations there are correlations along the
diagonal matrix, which represent the motion of the backbone atoms.
The lipid bilayer around the protein was not perturbed signiﬁcantly,
with a bilayer thickness close to that at remote distances from the pro-
tein (Fig. 1B). Lipids ﬁll the central cavity of the trimer crystal structure,
and the bacterioruberin molecules remain in contact with protein
monomers and lipid bilayer atoms (Figs. 1C, S3).
Water molecules were stable in cavities within the interhelical re-
gion, for instance, the one delineated by helices C, D and F of monomer
A (Fig. 2A). Water molecules in the inter-helical region of pHR play a
functional role, as suggested by changes in the dynamics of water
molecules detected by time-resolved FTIR experiments for the produc-
tive pumping intermediates [38]. In our simulations, water molecules
resolved in the crystal structure (Fig. 2B) remain in the interhelical
region, while those at the interfaces moved to the bulk solution. A few
bulk water molecules entered the interhelical region (Fig. S4). As a re-
sult of the water dynamics, in each pHR monomer there are on average
one–two water molecules at site-1 (i.e., in the middle of the protein,
Fig. 2A–C); there are more water molecules in the extracellular than
in the cytoplasmic half of the protein.
Chloride ions initially bound at site-2 (Fig. 1C)moved into the aque-
ousmediumwithin theﬁrst ns of trajectory. In contrast, the chloride ion
at site-1 remains close to its location in the starting crystal structure
(Figs. 2A, S4). We monitored the coordinate along the membrane
normal (z coordinate) of the chloride ion at site-1 relative to its initial
position in the crystal structure. With this measure, a positive value
means that the ion moves towards the cytoplasmic side. In the wild-
type protein, the chloride ion at site-1 sampled a well conﬁned space
in the interval 1.3 Å N z N−3 Å (Fig. S5).
3.2. General structural features of the mutant proteins
On the timescale of our simulations, the effects of the R123mutation
are mostly local. The positional RMSD matrices that compare each mu-
tant protein monomer to the wild-type monomer (Fig. S1) indicate
small values within 2.5 Å, with slightly larger deviations for the ﬂexible
BC loop. The secondary structure is well preserved (Fig. S6). In some
α-helical segments we detected transient turns — for example, in
helix C around L129, and in helix F around I227. The BC loop undergoes
transitions between β-sheets and bends, and between bends and turns;
these transitions are fast, occurring on the ~100 ps time scale.
The dihedral angles along the retinal polyene chain in mutant pro-
teins remain relatively close to the wild-type halorhodopsin (Supple-
mentary Table ST1). The covariance matrices of the Cα atoms indicate
that the mutants show only minor variations in backbone ﬂuctuations
relative to thewild type (Fig. S2). Therefore, inwhat followswe concen-
trate on the local changes in chloride, water and protein dynamics
caused by mutating R123.
3.3. Electrostatic interactions at site-1
To illustrate the electrostatic interactions at site-1, we used the last
10 ns of each simulation to compute the PME map [37] for the protein
atoms and the internal water molecules, and superposed the map
onto the initial coordinate snapshot from each simulation (Fig. 3; see
the Methods section). To identify the volume sampled by the chloride
ion at site-1, computation of the isodensity surfaces revealed its average
location during the last 10 ns of each simulation (Fig. S4).
We ﬁnd that, in the wild-type protein, the chloride ion experiences
an attractive potential at the isovalue of 15 kT/e (Fig. 3). Away from
site-1, the isopotential values switched to anion repulsive values. ThePME map computed for the R123K mutant displayed a similar proﬁle,
with positive values at site-1 (Fig. 3). In contrast, the site-1 isovalues
for R123A and R123L became negative (Fig. 3). That is, a positively-
charged sidechain, R123 or K123, is needed to provide the chloride ion
Fig. 3. The positively-charged sidechain R/K123 provides a favorable electrostatic environment for the chloride ion at site-1. The panels depict the contours of the electrostatic potential (in
kT/e units at 300 K) for a discretized charge distribution in a grid of 0.2 Å resolution forwild-type andmutant pHR. The computationswere performed for eachmonomer by including only
the protein atoms and water molecules within 20 Å of the site-1 chloride ion. The location of the chloride ion in the starting crystal structure is shown as a yellow-sphere. The numbers
indicate the values of selected isosurfaces.
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the key role of a basic sidechain at position 123 in stabilizing the chlo-
ride ion inside the protein.
3.4. Intra- and inter-helical hydrogen bonding
Inspection of the crystal structure and sequence analyses indi-
cates that halorhodopsins contain conserved Ser/Thr groups along
the transmembrane segments (Fig. 4). At the extracellular side, heli-
ces A, B, C and G contain multiple Ser and Thr groups: helices A, B, Cand G have the conserved motifs S36S37, S78xxS81, T126xxxS130, and
T244SxxxS249 (Fig. 4B). These motifs are located at functionally im-
portant sites of the protein: helix-C T126/S130 and helix-B S78/
S81/T83/S87 are located close to site-1, and helix-G S245/S249 forms
hydrogen bonds with the side chain of R123 in the crystal structure
(Fig. 1E). Helix F has on its cytoplasmic side two side chains with hy-
droxyl groups, S212 and T218.
The observation ofmultiple Ser/Thr groups located at functionalmo-
tifs of the protein is potentially important because Ser/Thr groups can
have both intra- and inter-helical hydrogen bonds. By competing with
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groups can weaken the regular amide/carbonyl backbone hydrogen
bonding, increasing the local dynamics of the helix [39]. Examples of hy-
droxyl/carbonyl intra-helical hydrogen bonding include the network of
hydrogen bonds involving S245 and S249 on the extracellular side
(Fig. S10), the transient hydrogen bondbetween S212 and the K215 car-
bonyl (Fig. S7), or the intra-helical hydrogen bond between T218 and
the L214 carbonyl (Fig. S7). We suggest that the stable hydrogen bond-
ing between T218 and L214 observed in thewild type (Fig. S7)may con-
tribute to helix F being dynamic.
In addition to shaping the local structure and dynamics of the helix,
the hydroxyl groups of Ser/Thr can help in coordinating chloride ions as
they pass through the protein. Indeed, in the resting state of the wild-
type protein T126 is part of site-1 (Fig. 1E), and helix F-T218 is thought
to bind the chloride ion later during the translocation cycle [15]. UsingFig. 4. (A) Structural alignment of N. pharaonis (black cartoon) and H. salinarium (purple cart
Interhelical Ser/Thr motifs are identiﬁed at helices B, C, and G along the conducting channel a
corresponds to N. pharaonis. Beneath the sequence, bars indicate the transmembrane α-helica
amino acids; 55% identity is found. Ser/Thr motifs are highlighted using magenta rectangles.Ser/Thr groups to coordinate chloride ionsmay be amore general feature
of chloride transporters: both the ClC Cl−/H+ antiporter [40] and the
Cys-loop glutamate-gated chloride channel GluCl [41] are rich in Ser/Thr
(Fig. S11). In the case of GluCl, the helix lining the ion conducting pore
contains an unusually high number of 7 Ser/Thr groups (Fig. S11 B–C).
3.5. Inter-helical hydrogen bonds mediated by R123
In the simulation of thewild-type protein in themembrane environ-
ment, helix-C R123 has hydrogen bonding partners helix-B Y82 and
helix-G D252 (Fig. 5A, B), as compared to helix-G S245 and S249 in
the crystal structure (Figs. 1E, S9). Similar observations that the interac-
tions between the helix-C arginine and the helix-G aspartate are stron-
ger in simulations than in the crystal structure weremade in case of the
homologous bacteriorhodopsin [17]. These differences between theoon). Ser and Thr amino acids are highlighted, respectively, as orange and green stripes.
nd binding site-1. (B) Sequence alignment of N. pharaonis and H. salinarium. Numbering
l domains along the sequences. Asterisks under the sequence alignment identify identical
Fig. 5. Inter-helical hydrogen bonding in the wild-type and R123 mutants. (A) Hydrogen-bond occurrence in the wild type and R123 mutants for side chains of residues R(K)123, Y82,
D252, and Y225. The time (ns) is shown in the bottom row as the horizontal axis. The lengths of the simulations of wild type, R123A, R123L and R123Kmutant halorhodopsin are, respec-
tively, 111 ns, 100 ns, 105 ns, and 102 ns (Table ST2). On the vertical axis, each line represents hydrogen bonding (i.e., distance≤3.5 Å). The following color coding is used: gray —wild
type, magenta— R123K, orange — R123A, and black — R123L. (B–E) Snapshots of the conﬁguration of site-1 of the monomer A in pHR and mutants. The side chains of amino acids Y82,
D252, K256, and the retinal are depicted as bonds. For clarity, only fragments of helices C, B, and G are depicted as blue ribbons. The dotted lines indicate hydrogen bonding.
1970 E. Jardón-Valadez et al. / Biochimica et Biophysica Acta 1837 (2014) 1964–1972strengthof the salt bridge interaction in simulations vs. X-ray crystallog-
raphy may be due to limitations of the force ﬁeld, and/or differences in
the environment (membrane vs. crystal), and/or to inherent differences
in dynamics at room temperature vs. the cryogenic temperatures used
in crystallography [17].3.6. Mutation of R123 perturbs inter-helical hydrogen bonding, water and
chloride ion dynamics
In the wild type, hydrogen bonding of R123 with Y82 and of D252
with Y82/Y225 bridges helices B, C, F, and G, and the site-1 chloride
1971E. Jardón-Valadez et al. / Biochimica et Biophysica Acta 1837 (2014) 1964–1972ion has largely stable interactions (Figs. 5A, 6B) with ~4.5 neighbors in
its ﬁrst solvation shell (i.e., within of 3.5 Å, Fig. 6). This coordination
number is slightly lower than the value of 5–6 reported in solution [42].
The slightly reduced coordination number of the chloride ion in the
pHR binding site-1 relative to solution is due to the protein interactions
replacingwaterwithin theﬁrst solvation shell. In otherwords, protein in-
teractions are favored in the conﬁned interhelical region.
The hydrogen-bonding network between helices B, C, F, and G is
somewhat perturbed in the R123K mutant, in particular the interaction
between helix-B Y82 and helix-G D252 (Fig. 5A, C). The coordination
number for the chloride ion in R123K remains high as in the wild-type
protein (Fig. 6B). However, unlike in the wild-type protein, where the
stable protein hydrogen bonding (Fig. 5) appears associated with
the chloride coordination number being almost the same (~4.5) in
each of the monomers (Fig. 6), in R123K the coordination number is
~3 in monomer C, ~5.5 in monomer B and ~4.5 in monomer B (Fig. 6).
These variations in the coordination number computed for R123K
suggest that protein, water and chloride interactions are more dynamic
in R123K than in the wild type.
In R123A and R123L, since the A/L123 sidechains cannot hydrogen-
bond, interactions between helices C and G are broken (Fig. 5A, D, and
E). D285 remains hydrogen bonded to Y82/Y225 (Fig. 5A). Absence of
hydrogen bonding of helix C to helices B and G is associated with
enhanced dynamics of the chloride ion (Figs. 5D–E, S5). The chloride
ion from site-1 loses stabilizing ﬁrst-shell interactions (e.g., with S130,
T126, and S81) and as a result it samples a wide region along the
membrane normal, up to 6 Å in R123L and 8 Å in R123A (Fig. S5). The
displacement of the chloride ion in R123A and R123L is compatible
with a role of R123 in preventing leakage of chloride back into the extra-
cellular medium [43].
In summary, allmutations studied here affect the coordination num-
ber of the site-1 chloride ion. In R123K the hydrogen bonds between
helices B, C and G are perturbed (Fig. 5C) and the tight control of the
chloride coordination is lost (Fig. 6). In R123A, the coordination number
drops to 2 in monomers A and C, with a water molecule and the
sidechains of S81 or T126 as neighbors (Fig. 6). Likewise, the perturbed
hydrogen bonds of R123L (Fig. 6) are associated with a lower coordina-
tion number of the site-1 chloride ion; the chloride ion is coordinated by
2–3 water molecules and by the side chains of S81, T126, and S130.Fig. 6. The coordination number of the site-1 chloride ion is largely affected by mutation of R1
(B) Histograms of the number of ﬁrst shell neighbors of the chloride ion in each monomer.3.7. Dynamics of the site-1 chloride ion in the three protein monomers
The monomers of wild-type halorhodopsin have very similar
dynamics, including very similar values of the coordination numbers
of the chloride ion (Fig. 6), though differences are observed in the
dynamics of speciﬁc hydrogen bonds — for example, the hydrogen
bond between R123 and D252 (Fig. 5A). In contrast, we observe
more pronounced differences among the three monomers of the
mutant proteins (Fig. 6). The differences in the chloride ion dynamics
in the mutant monomers is likely due to insufﬁcient sampling on the
hundred nanosecond timescale of our simulations. On the other hand,
we note that experiments on some other homotrimeric proteins appear
to suggest a complex picture of the conformational dynamics of the
monomers [44–46] — for example, the crystal structure of AcrB from
Ref. [44] indicates slightly different geometries for each monomer.
4. Conclusions
Hydrogen bonds are essential structural determinants of amembrane
protein [47,48]. In the chloride pumping pHR, the highly conserved resi-
due R123 mediates a network of inter-helical hydrogen bonds that help
gate access of the chloride ions to the protein (Fig. 1E–F). In the pHR
resting state the electrostatic interactions largely favor the presence of a
negatively charged chloride ion at site-1 (Figs. 1C, E, 2A, 3). When
bound to this site, the chloride ion has 4–5 ﬁrst-shell neighbors. The
dynamics of the chloride ion is exquisitely sensitive to the dynamics of
the hydrogen-bonded network mediated by R123. Indeed, the conserva-
tive mutation of R123 to Lys, which perturbs hydrogen bonding between
helices B, G andG (Figs. 5C & 6), causes loss of the tight control over the in-
teractions of the chloride ion (Fig. 6). In R123AandR123L, lack of hydrogen
bonding at position 123 leads to an enhanced dynamics of the chloride ion.
The chloride ion samples awider regionwithin the extracellular half of the
protein, and its coordination number decreases to as low as 2 (Fig. 6).
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